Two neutron transfer to the continuum by REA, CRISTINA
Universita` di Pisa
Facolta` di Scienze Matematiche, Fisiche e Naturali
Two Neutron Transfer
to the Continuum
Cristina Rea
Master Degree Thesis
in Nuclear Reactions Theory
Supervisors:
Dr. Angela Bonaccorso
Session III
Academic Year 2009-2010

Contents
Introduction 1
1 Exotic Nuclei 3
1.1 Exotic Nuclei: Preface . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Proton and Neutron Halos . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Exotic Nuclei: Theoretical and Experimental Approach . . . . . . 7
1.4 Radioactive Ion Beams Production . . . . . . . . . . . . . . . . . 8
2 Pairing Correlations Between Nucleons 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Pairing Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Pairing Vibrations . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Giant Pairing Vibrations . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Pairing at Drip Lines . . . . . . . . . . . . . . . . . . . . . . . . . 16
3 Reaction and Experiment 19
3.1 15C Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 The Stripping Reaction 14C(d, p)15C . . . . . . . . . . . . . . . . 21
3.3 15C assignments and angular distributions from previous measure-
ments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4 MAGNEX: the large acceptance magnetic spectrometer . . . . . . 27
3.5 13C(18O,16O)15C Experiment . . . . . . . . . . . . . . . . . . . . 27
3.6 15C Spectrum Interpretation . . . . . . . . . . . . . . . . . . . . . 29
4 Theoretical Description of the Reaction 31
4.1 Transfer to Bound States . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 One Nucleon Transfer to the Continuum . . . . . . . . . . . . . . 34
4.3 Potentials Used in the Calculations . . . . . . . . . . . . . . . . . 38
4.3.1 Potentials for bound states . . . . . . . . . . . . . . . . . . 38
4.3.2 Potential for continuum states . . . . . . . . . . . . . . . . 41
i
ii CONTENTS
5 Data Analysis 47
5.1 14C Spectrum Interpretation . . . . . . . . . . . . . . . . . . . . . 47
5.1.1 14C Partial Wave Decomposition . . . . . . . . . . . . . . 48
5.2 15C bound states . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.3 The narrow resonances region . . . . . . . . . . . . . . . . . . . . 51
5.4 The bumps region . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.4.1 Partial Wave Decomposition . . . . . . . . . . . . . . . . . 53
Conclusions 55
A Scattering Angle and Impact Parameter 57
B Asymptotic Normalization Constant 59
B.1 Spectroscopic Factors . . . . . . . . . . . . . . . . . . . . . . . . . 60
Bibliography 61
List of Figures
1.1 Nuclear Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 GDR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Nuclear Skin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 ISOL and In-Flight . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.1 Energy levels diagram 15C . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Proton spectra from the reaction 14C(d, p)15C . . . . . . . . . . . 21
3.3 Transfer angular distributions to the two bound states of 15C . . . 22
3.4 Proton spectrum at θlab = 50
◦ for 14C(d, p)15C . . . . . . . . . . . 23
3.5 Partial angular distributions of states populated in the reaction
12C(12C,9C)15C at 230.7 MeV . . . . . . . . . . . . . . . . . . . . 24
3.6 Two-step coupling scheme for the 12C(12C,9C)15C reaction . . . . 25
3.7 Spectrum of the three-neutron transfer reaction 12C(12C,9C)15C . 26
3.8 Inclusive energy spectrum of the reaction 13C(18O,16O)15C at 84
MeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.1 Coordinate system used in the calculations . . . . . . . . . . . . . 33
4.2 σT for carbon nucleus . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 3d plot of total cross sections for a series of nuclei . . . . . . . . . 42
4.4 Total cross section of n−28 Si . . . . . . . . . . . . . . . . . . . . 43
4.5 Inclusive energy spectrum and calculation with energy dependent
potential for the reaction 13C(18O,16O)15C . . . . . . . . . . . . . 44
4.6 Inclusive energy spectrum and calculation with constant potential
for the reaction 13C(18O,16O)15C . . . . . . . . . . . . . . . . . . 45
5.1 Excitation energy spectrum of 14C 7.5◦ < θlab < 17◦ . . . . . . . . 48
5.2 Partial wave decomposition for the 14C spectrum . . . . . . . . . 49
5.3 Plot of energy levels of 14C, 13C, 12C . . . . . . . . . . . . . . . . 50
5.4 Inclusive energy spectrum and total theoretical calculation . . . . 51
5.5 Partial wave decomposition for the narrow resonances region . . . 52
5.6 Partial wave decomposition for the 15C spectrum . . . . . . . . . 53
5.7 Energy levels diagram 14C . . . . . . . . . . . . . . . . . . . . . . 54
iii

Introduction
This work is mainly dedicated to the study of a two-neutron transfer process ta-
king place in the reaction 13C(18O,16O)15C at 84 MeV incident beam energy, mea-
sured using the large acceptance magnetic spectrometer MAGNEX, at Catania’s
LNS (Laboratori Nazionali del Sud) laboratories.
The study of light neutron-rich nuclei has a great importance in the description
of the evolution of nuclear structure from the β-stability valley towards the drip
lines. Such nuclei can be experimentally investigated via multi-neutron transfer
reactions using intense stable beams, a technique that allows the collection of
accurate and statistically reasonable data; otherwise, their investigation can be
performed by the utilization of the so-called Radioactive Ion Beams (RIBs).
From the theoretical point of view, the description of these nuclei represents a
crucial step in the understanding of the nuclear interaction which binds them.
The aim of the experiment we are going to discuss in this work was the analysis
of the structure of the weakly bound nucleus 15C, whose one-neutron separation
energy is Sn=1.218 MeV. The analysis was made through the measurement of the
transfer reaction of two neutrons, that could have been influenced by a pairing
interaction between the nucleons themselves. During the same experiment, also
one neutron transfer data were collected which helped us to test the reliability of
the theoretical model we applied.
The 16O ejectiles produced in the collisions were momentum analyzed by the
MAGNEX spectrometer and the inclusive spectrum in corresponding excitation
energy of 15C was obtained in the angular range of 7.5◦ < θlab < 17◦; several
peaks were identified as due to transitions to known states of 15C.
Two large bumps were observed in the experiment (cf. section 3.5), centered
at excitation energies of Ex = 10.5 MeV and Ex = 13.3 MeV with widths
Γ = 2.5 MeV and Γ = 1.7 MeV , respectively, and one hypothesis was that these
structures could correspond to a first evidence of the Giant Pairing Vibrations
expected by Broglia and Bes.
It has been predicted that the pairing force generates in some nuclei a certain
type of excitations, named as “pairing vibrations” ref.[1]: these excitations have a
well defined spin and parity (0+) and present collective characteristics. They have
been studied through transfer reactions of a pair of nucleons considering nuclei
close to 208Pb, which is a doubly magic nucleus. If the pair excitations take place
among primary shells, pairing vibrational states are expected at high energy and
this kind of states are named Giant Pairing Vibrations (GPV) (ref.[2]-[4]).
Hypothetically, all the transfer reactions of two correlated nucleons could excite
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these collective modes, nevertheless, these giant resonances have never been ob-
served before, even in other different (t,p) experiments on heavy targets (such as
lead or tin)[5] and thus the explanation of the large bumps seen in the MAGNEX
experiment could be different.
The first chapter of this thesis contains a general introduction to the type of
nuclei of interest: the so-called exotic nuclei. The peculiarity of exotic nuclei
relies in the fact that they are located away from the stability valley and having
an anomalous N/Z ratio they have protons or neutrons in excess with respect
to the stable ones. Furthermore, their binding energy per nucleon decreases as
the number of nucleons in excess increases, generating several new nuclear phe-
nomena.
After the description of exotic nuclei and a general resume of the phenomena re-
lated to them, such as nuclear halo and skin, the chapter develops describing the
experimental technique and setting used to investigate exotic nuclei, consisting
in the Radioactive Ion Beams Production.
The second chapter clarifies the characteristics of the pairing interactions between
nucleons. Such interaction can influence the mechanism of transfer reactions of
a pair because collective excitation modes are introduced and they are related to
the possible correlation between the coupled nucleons.
The third chapter deals with the reaction, how the experiment was performed
and what are the results. To introduce the subject, a review of the present know-
ledge of the nucleus of 15C is given: its structure and spin and parity assignments
that were obtained in previous experiments and measurements. Then, a brief
outline of the MAGNEX spectrometer is given and the details of the experiment
performed at LNS in Catania are explained.
The theoretical framework, in which the reaction is interpreted, is discussed in
the fourth chapter considering either the transfer to bound states or to continuum
states formalism, since the inclusive spectra studied show the presence of both
situations. Besides, potentials used in the calculations are described: this is a
crucial part of the work, since different potentials have been tested.
Finally in the fifth chapter the reaction studied is analyzed in detail, through
several comparisons between theoretical calculations and experimental data. In
this chapter, the consistency of the formalism introduced to describe bound states
is established, thanks to the really good agreement of the theoretical and the ex-
perimental ratio between cross sections of the first excited state (d5/2) and the
ground state (s1/2) of
15C .
Chapter 1
Exotic Nuclei
1.1 Exotic Nuclei: Preface
The study of nuclear reactions has become more and more important in the field
of exotic nuclei during the recent past. The nuclei of interest are those located
away from the so-called “stability valley”, which contains all nuclei (∼ 270 exi-
sting in nature) with an almost constant value of binding energy per nucleon (∼
8 AMeV). The exotic nuclei present an anomalous N/Z ratio which means they
Figure 1.1: Nuclear Chart.
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have protons or neutrons in excess relative to stable nuclei; furthermore, they are
characterized by a decreasing binding energy as the number of nucleons in excess
increases.
The Nuclear Chart is shown in fig.(1.1),where all nuclei stable with respect to the
β-decay are represented on a cartesian plane whose x-coordinate is the number
of neutrons N and the number of protons Z is on the y-axis.
As it can be seen in fig.(1.1), in stable nuclei the number of neutrons N is equal
to the number of protons Z only for lighter nuclei, then, as Z increases, there is
a systematic deviation from this rule and then an increase in the number of neu-
trons is favored. As a consequence, the majority of heavier stable nuclei presents
an excess of neutrons (N > Z) that can be justified through the semi-empirical
mass formula and the well known shell model (ref.[6]).
The limits beyond which the nuclei are no more bound are the so-called drip-lines,
these are places at which the binding energy for the last nucleon vanishes.
If we look at fig.(1.1), it can be seen that the neutron drip-line lays farther from
the stability valley if compared to the proton drip-line: this effect is due to the
presence of Coulomb repulsion that inhibits the formation of nuclei with an excess
of protons making the proton drip-line for light nuclei close to the region N=Z.
It is in the drip-line’s regions that some peculiar phenomena can be found, such
as the nuclear halo, a spatial region of low nuclear matter density located far
from that populated by more tightly bound nucleons, which is defined as core.
The halo is a threshold phenomenon for which halo nucleons quantum mechanic-
ally penetrate regions that are classically forbidden, generating long tails in the
wave functions and a bigger mean square radius in the matter distribution. Halo
nucleons tend to stay in states of low angular momentum (s or p) in order to
overtake the centrifugal potential barrier.
The first experimental evidence dates back to 1985, to the experiments of Tani-
hata et al. [7, 8] at the Bevalac of Lawrence Berkley Laboratory, which consisted
in cross section interaction measurements of helium and litium isotopes. They
discovered that some nuclei had bigger mean square radii (rms) compared to
the theoretical value, R ' r0A1/3: actually, for stable nuclei the value of the
parameter r0 is typically around 1.2 fm, whereas for exotic nuclei the statistics
yields values of about 1.5 fm. As a consequence, larger values of nuclear radii
qualitatively imply a break up possibility at increasing distances, that is where
the Coulomb potential is weaker. This has been the subject of some different
experiments where reactions induced by 11Li on heavy targets showed its halo
nature and an enhanced probability of a two-neutron removal leading to the in-
terpretation of the system as a core of 9Li interacting with a dineutron weakly
bound in a s-state [9, 11]. The Coulomb dissociation of the system dineutron-9Li
was interpreted as an excitation to the continuum, followed by the system’s de-
cay into the two fragments. From the interaction and two-neutron removal cross
section, Kobayashi et al.[10] deduced the cross section for the electromagnetic
dissociation (EMD): typically at high excitation energies the giant dipole reson-
ance phenomenon (GDR) is observed, but for halo nuclei such as 11Li, it has been
observed another component at lower excitation energy beyond the normal GDR.
This type of component was called soft giant dipole resonance and while the or-
dinary component is due to collective oscillations of core’s protons respect to the
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core itself, the other one should be due to the oscillation of the halo neutrons
respect to the protons in the core (fig.(1.2)).
Successively, it has been shown that the Coulomb dissociation is essentially a
threshold phenomenon due to the core’s recoil (ref.[12] and [13]).
Figure 1.2: Schematic representation of the giant dipole resonance.
1.2 Proton and Neutron Halos
As previously said, the nuclear halo can be defined as a threshold phenomenon
that happens when the nucleus wave function extends beyond the classically al-
lowed region and a necessary condition for halo’s existence is a very low nuclear
binding energy state. Neutron halo manifests when the last neutron lays in a s or
p state close to the threshold for particle’s emission: therefore there is a non zero
probability that one or more nucleons would cross the potential barrier thanks
to the tunnel effect, reaching in this way the spatial region classically forbidden
and generating the halo, an area of low matter density outside the core of the
nucleus.
The simplest example of nucleus with neutron halo is 11Be, made up of a two
body system of one neutron plus a deformed core of 10Be. For the s-state, one
of its two bound states, the asymptotic wave function shows a typical decreasing
exponential trend, exp(−kr), where the wave number k is expressed in terms of
reduced mass and neutron separation energy (k =
√
2µSn/~). The slope of the
exponential will increase as the binding energy increases, therefore weakly bound
nuclei will have a long tail for the wave function, which implies an extended mat-
ter density.
In case of weakly bound protons, the repulsive Coulomb potential needs to be
taken in account; its effect is to raise the potential barrier adding up the centrifu-
gal and, in doing so, to reduce the tunneling probability giving place to a smaller
region for the halo formation. The existence of proton halo is expected in some
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nuclei with an excess of protons with respect to the stable isotope, for example
8B.
It is possible to make a further distinction for what regards the study of nuclei
with an excess of neutrons: the one between the halo and the skin, where the
latter indicates the presence of a thicker layer on the nucleus’s surface. Tanihata
et al., while examining the datasets on mean square radii and on matter distri-
butions for 6He and 8He, noticed the presence in both nuclei of a core of 4He
surrounded by a thick layer of neutrons that extended beyond 1 fm. For what
concerned 8He, the binding energy of the four external neutrons was much more
than the one for the couple of neutrons in 6He. Anyway, the real distinction
between halo and skin relies in the differences between the slopes of the density
wave function, that is linked to the original separation energy.
Figure 1.3: Density distributions as a function of distance: (a) stable nucleus; (b)
neutron skin; (c) neutron halo.
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1.3 Exotic Nuclei: Theoretical and Experimen-
tal Approach
The development of facilities for the production of radioactive beams has allowed
a long series of experiments on reactions induced by exotic nuclei and then the
experimental results have been compared to the calculations done thanks to dif-
ferent theoretical models.
Consequently, theoretical approaches to the description of the halo structure of
one or two neutrons are mostly two-body or three-body semi-phenomenological
calculations based on a scheme as core+n or core+n+n. Considering the case
of a two neutron halo, the occupation of the states close to the core is generally
considered through an orthogonality condition; it is analyzed: (i) if the known
three-body interaction can be reproduced by some suitable two-body forces able
to describe the subsystems core+n and n+n; (ii) if the known system’s proper-
ties can be reproduced by a phenomenological correction to the interactions. The
properties of the system core+n are essential and the theoretical models are based
on the knowledge of the angular momentum and parity of the states as well as
the energies and the corresponding neutron-core potential.
The studies on nuclear structure mainly concern the properties of discrete states,
bound states or resonances. However, in the considered reaction the nuclear sys-
tems can be found in a scattering condition: the coupling of bound and scattering
states is particularly important in nuclei far from the stability valley; in this way,
the correct interpretation of the experimental evidence critically depends on the
reliability of the reaction’s model.
Reactions with halo nuclei are characterized by weakly bound projectiles or tar-
gets. In a conventional reaction theory at this point it should be underlined a
basic aspect: the coupling to the continuum should be taken into account because
the break up effects could become important in each channel of reaction. In the
present work a reaction that involves a possible halo nucleus as a product, 15C,
will be analyzed and a particular care will be used to describe the subsystem
core+2n that results from it. Because the projectile is a nucleus of 18O, which
is deeply bound, Sn = 8.044 MeV , and considering the incident energy of the
beam, 84 MeV, the outcome will be a spectrum that shows two different trends
at different energy’s thresholds. Depending on the reaching of the threshold for
the emission of one or two neutrons, there will be two different subsystems that
are formed: a core of bound 14C plus one neutron in the continuum and a core
of 13C plus two neutrons in the continuum. However, these arguments will be
better clarified later on.
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1.4 Radioactive Ion Beams Production
From an experimental point of view, the largest amount of information regarding
nuclear properties has been collected through the utilization of stable beams
accelerated at energies between hundreds of keV and almost 1 GeV per nucleon
and hitting stable targets. Anyway, the study of nuclear systems at limits of
stability leads to problems regarding the production of such nuclei: as a matter
of fact they are produced as radioactive ion beams (RIBs) and not as targets, due
to the very short half-lives of these exotic nuclei (less than 1 hour). Otherwise,
as in the case studied here, they are the final product of a transfer reaction.
The intensity of stable beams oscillates between 1010 and 1013 particles per second,
but the current facilities for the radioactive ion beams productions are far from
realizing such intensities, reaching, in some of the best cases, only 106 particles
per second.
There are two possible ways of creating RIBs: the ISOL and In-Flight technique.
Figure 1.4: Comparison between ISOL and In-Flight method.
ISOL technique: a great amount of radioactive nuclei is produced by hitting
the primary thick target with a beam of particles previously accelerated
(through the driver accelerator), or with a neutron flux coming from a
nuclear reactor or from a spallation source of neutron. The unstable nuclei
are successively extracted from the target, ionized, mass separated and
finally re-accelerated at desired energies through the post-accelerator. Then
the produced RIBs are sent on a secondary target to induce nuclear reactions
of interest.
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In-Flight technique: heavy ion beams hit a primary thin target with an energy
that ranges from 100 MeV to 1 GeV per nucleon and subsequently split up.
The produced fragments are then selected in-flight thanks to the so-called
Fragment Recoil Separator, which separates the nuclei in terms of mass and
charge; in the end these selected fragments are re-directed on a secondary
target for spectroscopic and reaction studies.
These two techniques are highly complementary and can be combined by
slowing down the fragments of In-Flight and then re-accelerating, as showed in
fig.(1.4).
If we look at the present facilities for the production of RIBs, it seems neces-
sary to push the experimental techniques even further in order to build a new
generation of facilities able to produce higher beams’ intensities that will en-
sure the actual physics of exotic nuclei to grow and develop. For this reason an
european project is going to be taken to life, in which Italy is involved too, and
whose main object is the realization of a next generation facility for the produc-
tion of radioactive ion beams through the ISOL technique.
This is the EURISOL project [14].

Chapter 2
Pairing Correlations Between
Nucleons
2.1 Introduction
The influence on the nuclear structure of the paring force between nucleons has
been established and studied since the dawn of Nuclear Physics and the measure-
ments of the nuclear binding energies. The pairing effects between nucleons also
affect the transfer mechanisms of a couple of particles in a nuclear reaction [15].
In some cases, the pairing energy, though negligible compared to the binding
energy of the whole nucleus, is comparable to the binding energies of states close
to the Fermi level. Consequently, an accurate description of such component of
nuclear interaction is necessary for an exhaustive representation of the structure
of low excitation energy states, in particular for weakly bound nuclei [16].
One of the pairing effects is a mixing of the configurations of single particle in a
mean field, which leads to a strong spatial correlation between the coupled nuc-
leons. In this way, new phenomena can happen as the formation of α cluster or
the possibility to have, in transfer reactions, a contribution from the mechanism
of simultaneous one-step transfer of the correlated coupled nucleons.
The collectivity introduced by pairing correlations shows itself in transitions in-
duced by creation (or annihilation) quantum-mechanical operators of two nuc-
leons coupled with angular momentum equal to zero. Such reactions could pro-
ceed not only through the sequential transfer of two single nucleons, but also
through the direct transfer of a spatial correlated couple. In case of a strong cor-
relation, this one-step mechanism should prevail, whereas the two-step sequen-
tial processes are linked to the case of uncorrelated nucleons. The competition
between these two aspects is one of the hot spot for the comprehension of pairing
correlations in nuclei [17].
Another interesting point regards the role of pairing in nuclei far from the stability
valley. Here there are new problems associated to pairing interactions in reac-
tions with unstable systems, whose realization has been made possible thanks to
the development of RIBs techniques (cf. section 1.4) [17, 18]. The pairing forces
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generate some excitations in closed shell nuclei and in nuclei close to them, that
are defined as “pairing vibrations” [15]: these excitations have spin and parity 0+
and show collective characteristics.
In case of pair’s excitations between main shells, some high energy vibrational
states have been foreseen under the name of Giant Pairing Vibrations at energy’s
range of about 2~ω [2, 3, 18].
2.2 Pairing Energy
It has been experimentally observed that the nuclear binding energy shows sys-
tematic variations depending on the number of protons (Z) and neutrons (N).
Considering the nuclear binding energy as defined in the semi-empirical mass
formula [6], the variation δB is given by:
δB =

∆ Z even N even
0 A odd
−∆ Z odd N even
where ∆ is a parameter that defines the paring energy.
From the Fermi gas model, it is expected an odd-even difference (pairing energy)
coming from the hypothesis that each orbit, k, can be occupied by two protons
and two neutrons. Therefore, it is obtained an odd-even parameter ∆ similar to
the separation energies of particle close to the Fermi energy, F .
(∆)kin ≈ 2
3
F
A
≈ 25
A
MeV (2.1)
The experimental pairing energies are about an order of magnitude greater than
those obtained with Eq.(2.1) [15]. This can be explained in terms of a correlation
between pairs of identical particles that give a doubled binding energy per couple.
The particle’s correlation in the pair is associated to an overlap of single particle
states in energy interval of the order of ∆.
The odd-even mass parameter ∆ can be determined from the empirical mass
values of sequence of isotopes and isotones. Assuming that the masses would be
a smooth function of Z and N except for the pairing effect, a local average value
of the masses can be defined for nuclei with odd A and, comparing these values
with the observed masses for even-even nuclei, one can obtain the value of ∆ in
case of both neutrons (∆n) and protons (∆p). For even N , and similarly for even
Z, the pairing energy can be defined [15]:
∆n =
1
4
{B(N,Z − 2)− 3B(N,Z − 1) + 3B(N,Z)−B(N,Z + 1)}
= −1
4
{Sp(N,Z − 1)− 2Sp(N,Z) + Sp(N,Z + 1)} (2.2)
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∆p =
1
4
{B(N − 2, Z)− 3B(N − 1, Z) + 3B(N,Z)−B(N + 1, Z)}
= −1
4
{Sn(N − 1, Z)− 2Sn(N,Z) + Sn(N + 1, Z)} (2.3)
If considering odd values of N or Z, all the quantities in eq.(2.2) and in eq.(2.3)have
to change their sign. Plotting the pairing energies that come from eq.(2.2) and
eq.(2.3) as function of the number of protons and neutrons, the general behavior
of the curves is given by:
∆ ≈ 12
A1/2
MeV (2.4)
although there could be significative local variations linked to the shell structure.
Generally, ∆p tends to be larger than ∆n: this leads to a majority of odd N nuclei
among the β-stable ones respect to the nuclei with odd Z. The simple description
used for the pairing energy implies an additional energy for an odd-odd nucleus,
respect to an even-even one, given by: odd−odd − even−even ≈ ∆p + ∆n ≈ 2∆;
where odd−odd and even−even stand for the extra energies caused by the pairing
effects in case of odd-odd nuclei and even-even nuclei, respectively.
From the comparisons with the observable masses of odd-odd nuclei, this relation
holds but there is a systematic tendency of these nuclei of having a slightly lower
energy, of about 20 A−1 MeV. This could be explained in terms of an attractive
residual interaction between the unpaired neutron and the unpaired proton.
2.3 Pairing Vibrations
Correlations induced by the pairing field do not only regard the ground state. The
field produces indeed some particular low energy vibrations either in closed shell
nuclei or in nuclei close to them, associated to vibrations of Fermi’s surface and
are therefore called pairing vibrations [15]. These excitations have been observed
at few MeV energies and show collective characteristics.
Usually, the nuclear modes of excitation are represented through the spin and
isospin quantum numbers. Another quantum number could also be considered,
α, the number of transferred nucleons: it indicates the change in the number of
nucleons associated with the excitation of a quantum. The vibrational modes
preserve the number of particles and so they would have α = 0; if they are
interpreted in terms of degree of freedom of the nucleus, these collective modes
are built through particle-hole excitations.
The collective modes with α = ±2 are associated to the correlations of coupled
particles or holes. The general trend of creating correlated pairs with angular
momentum and spin 0+ is an important characteristic of the nuclear coupling
in configurations of incomplete shells. Correlated pairs of nucleons can show
properties that are typical of vibrational quanta. Consequently, the addition or
removal of a couple of nucleons can be treated as an elementary excitation.
The spectrum of nuclei in which two neutrons are added or removed from a
closed shell configuration shows states at low excitation energy with important
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correlations in the motion of the two particles. In particular, this is the case
of the ground state Ipi = 0+ that involves configurations of identical pairs of
particles or holes. The correlation can be explained as an attractive force at
short range that acts between the nucleons and produces an overlap of single
particle configurations. When the correlation involves the superimposition of a
great number of different two-particles configurations, the addition or removal of
a couple can be combined with other exciting modes in the description of the
inclusive excitation spectrum of the nucleus.
Since the quanta for the addition of a couple come from the spatial correlation
among the particles, this mode is strongly excited by the transfer reaction of two
particles, as for the (t, p) processes. These mechanisms play a role in the study of
pairing vibrations that is similar to that of the inelastic scattering in the study
of vibrations with α = 0. In the end, considering the fact that the local density
“creates” two identical particles at the same point of the space, the couple is
created in a singlet state of the spin (σ = 0) and the associated quantum has
total angular momentum equal to the orbital angular momentum (λ = k). The
parity is pi = (−1)λ.
2.4 Giant Pairing Vibrations
It is possible to treat in a similar way the particle-hole excitations and the particle-
particle ones. The collectivity of the particle-hole mode is measured through the
value of the matrix elements corresponding to the operators of electromagnetic
transition, while the pairing collectivity is measured in terms of the value of
matrix elements in a transfer reaction of two particles [19, 20]. The formal ana-
logy among the particle-hole and particle-particle excitations has been clearly
established either theoretically [21] or from an experimental point of view, consi-
dering the pairing vibrations at low energy.
It is known that nuclei interacting with external fields show a great variety of
collective vibrations, defined as giant vibrations, associated to different degrees
of freedom and multipolarities, as described in section 1.2. Among this kind of
phenomena, the isovectorial dipole giant resonance and the isoscalar quadrupole
one have been the most studied during the recent past.
Therefore, considering the existence of these giant resonances based on collective
excitations of particle-hole states, the analogy can be extended considering the
presence of giant pairing resonances (GPV ), i.e. collective excitations of two
particles based on shell model configurations at high excitation energy.
For the first time, this phenomenon has been foreseen in the 70s by R.A. Broglia
and D.R.Bes [2].
The strength concentration of L = 0 in the high energy region (10-25 MeV for
most of the nuclei) is associated to vibrations of the Fermi’s surface and is micro-
scopically described as the coherent overlap of two-particles state (or two-holes)
in the main shell after the Fermi level; therefore the excitation energy is of the
order of 2~ω.
The existence of a pairing condensate characterizes the spectrum at low exci-
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tation energy for nuclei far from a closed shell configuration. This peculiarity
manifests itself in the concentration of cross section L = 0 in transfer reactions
of two nucleons. The modes generated by the fluctuations of the pairing field
[15, 22] play an important role for the nuclei with closed shell configurations too
[22, 23].
In normal systems the low energy modes for the addition or removal of a pair
of nucleons have been studied extensively. It was shown that these modes have
a cross section almost proportional to the couple degeneration (2/3A2/3) of the
corresponding harmonic oscillator of the valence shell. What is expected is that
by means of transfer processes of two nucleons, states with an energy of the order
of 2~ω and with cross section similar to that of the ground state, could be excited.
Using the Random Phase Approximation (RPA), in ref.[2] it was estimated that
the GPV should be localized at energy:
E ≈ 0.84(2~ω) ≈ (68/A1/3) MeV. (2.5)
The giant pairing resonance couples pairs of particles and holes. This coupling
renormalizes the transfer cross section of two nucleons according to the pairing
modes at low energy.
A typical example of the renormalization effect is the estimate of the cross section
for the reaction 208Pb(t, p)210Pb (L = 0), where the transferred particles belong
to the valence shell. Excited states at about 3.5 MeV have been foreseen, and
they show a cross section that is by one third larger than the one associated
to the ground state transitions. So, the expected intensities reduce of 1/3 with
respect to the ground state strength when the particles can be correlated in a
large number of shells, that is when the renormalization effects due to the GPV s
are considered.
The presence of these giant pairing resonances has been considered also for nuclei
far from the closed shell configurations [2] and in this case:
E ≈ 1.8(2~ω) ≈ (72/A1/3) MeV. (2.6)
This esteem differs a little from that of eq.(2.5). So, it is expected that the
properties of the giant pairing resonance are on the whole independent from the
particular valence shell of the considered nucleus. Esteems obtained by Broglia
and Bes [2] correspond to an extreme situation in which all the levels that belong
to a principal shell are degenerate. If this is not true, the GPV’s energy should
diminish when the lower shell is completely full.
The authors underlined also that the properties discussed of the GPVs correspond
to the known properties of the giant quadrupole resonances [15]. However, there
is an important difference between the superficial modes and the pairing modes.
The gap in the excitation spectrum of 2p − 2h diminishes due to the presence
of the superficial modes and eventually disappears in deformed nuclei at the
surface. In these cases it is not expected to have a strength concentration of
the two particles transfer in a single state. Nevertheless, there still is a gap in
the particle-hole excitation spectrum at fixed spin and parity. This is due to the
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fact that the nuclear shells alternate in parity. Therefore, the giant superficial
vibrational modes can be also found in nuclei whose shape is deformed and in
general they will be more stable than the GPV’s modes considering the mass
number.
Two types of phonons are associated to the reactions of stripping and pick-up.
The collective state of two particle is defined addition pairing phonon while the
collective state of two holes is called removal pairing phonon. From a microscopic
point of view, the two phonons, corresponding to the two nuclei (A ± 2), can
be described in terms of the two-particles states (or two-holes) with the RPA.
In ref.[18] the strengths of the transfer of nucleons pairs have been calculated,
starting from an Hamiltonian with a monopole pairing interaction:
H =
∑
j
ja
+
j aj − 4piGP+P (2.7)
where the operator P annihilates a pair of particles coupled at angular momentum
equal to zero. Using the solutions of the pp − RPA equations, it is established
that the phonon can be expressed as a superposition of 2p (or 2h) states [18].
The strength for the pair transfer, that represents a measurement of the different
collectivity in each state n, is given by:
βPn =
∑
j
√
2j + 1[Xn(j) + Yn(j)], (2.8)
where Xn and Yn are defined in [18].
The giant pairing resonances have not yet found an experimental confirmation,
although in several reactions of the kind (p, t) [5], the aim was to detect this large
resonance in the high part of the excitation energy spectrum.
2.5 Pairing at Drip Lines
The study of exotic nuclei is one of the most interesting subjects of modern nuc-
lear physics. Near the proton and neutron drip lines a great variety of nuclear
configurations previously unknown has indeed been observed. Recently the aim
is to obtain beams of unstable nuclei with medium and heavy masses for low
radioactive beam’s energies, i.e. for energies close to the Coulomb barrier where
the transfer cross section is at its maximum, thanks to the development of new
experimental facilities. The extreme conditions of great charge asymmetry and
weak binding energy give the possibility of checking the concepts of nuclear struc-
ture that have been deduced by studies done with tightly bound systems, with
an almost perfect symmetry of charge.
During the past, the transfer reactions with heavy and light ions have been the
major source of spectroscopic information for stable nuclei. Spins and parities of
the nuclear levels have been assigned, and have been measured the occupational
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probabilities and the wave functions of the ground and excited states.
The transfer reactions for two nucleons realized through the use of RIBs become
therefore important spectroscopic means for the investigation of exotic nuclei.
As discussed in ref.[17], the utilization of exotic ions beams shows the presence
of new phenomena:
i. the two-neutron transfer enables the possibility of treating nuclei very rich
of neutrons and has been used as a spectroscopic probe for nuclei far from
stability. Nevertheless, it is important, when possible, to study this type of
reactions using the “Coupled Reaction Channels (CRC)” approach;
ii. the role of the pairing interaction in states at low binding energy is of great
interest, for example in very rich neutron isotopes, since it is possible to
obtain information on this type of interaction at low density. In particular,
some points that should be clarified are the effects on the continuum and the
role of collective vibrations at low excitation energy of the core in weakly
bound systems;
iii. in stripping reactions of two nucleons on stable targets, the low binding
energy of the nucleon pairs in exotic nuclei used as projectiles, favors the
occupation in the final nucleus of pairing states close to the thresholds
for the emission of particles as a consequence of the matching conditions.
It could be possible to populate more easily the expected giant pairing
resonances (GPV ), that have been previously discussed.
Pairing effects in light nuclei are difficult to find because of the low density
of states; only heavy oxygens isotopes have been studied until now to search for
these effects, starting from a study of quadrupole excitations [24].

Chapter 3
Reaction and Experiment
The two light carbons (14C and 15C) that we are going to discuss in the following
show an inversion of 2s and d5/2 orbitals known also for other light carbons
(A = 13− 18). Such inversion exists even when the neutron states are calculated
with a potential like a Woods-Saxon plus the spin-orbit term, whose parameters
are those given by Bohr and Mottelson (ref.[15], vol. I pag. 238).
The usual ordering of levels is restored starting from 18C in which the two orbitals
are almost degenerate.
3.1 15C Structure
The 15C nucleus is a neutron rich system which has stimulated an increasing spec-
troscopic interest in the years (ref. [25]-[27]), besides it is important in nuclear
astrophysics as the 14C(n,γ)15C reaction rate plays a crucial role in nucleosyn-
thesis [28].
15C (Sn = 1.218 MeV ) has only two single particle states weakly bound, the
ground state 1/2+ and the first excited 5/2+ at the excitation energy of 0.740
MeV. The spin and parities of the ground state of 15C have been assigned through
the study of stripping reactions of neutrons, the first nuclear reactions used in
the investigation of this nucleus. Such experiments are in perfect agreement on
the value Jpi of the ground and first excited state of 15C.
The wave function of the ground state is mainly given by the configuration
14Cg.s.(0
+ ⊗ (2s1/2)ν) with a spectroscopic factor S = 0.88, while the wave func-
tion of the 0.74 MeV excited state is given by 14Cg.s.(0
+⊗ (1d5/2)ν) with S = 0.69
[29].
Nevertheless, in the nuclear breakup analysis of 15C, some non negligible contri-
butions of the excited states of 14C have been discovered [30]. Furthermore, in
the nucleus of 15C the neutron shells 1d5/2 and 2s1/2 are inverted with respect to
the levels of the independent particles shell model.
The simplest levels of 15C are 1p-2h (one particle-two holes) states, obtained from
the coupling of one sd-shell neutron to the ground state of 14C [25]. These states
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Figure 3.1: Energy levels diagram for 15C [59].
have positive parity and the expected values of Jpi are 1/2+, 3/2+ and 5/2+. Both
the ground and the first excited state are almost completely 1p-2h states. Then,
the other excited states are more complex and are those with negative parity of
the kind 2p-3h, with Jpi that ranges between 1/2− and 9/2−, which corresponds
to two neutrons in the sd-shell coupled to three holes in the p-shell. Transfer
reactions of a single neutron can populate the states 1p-2h, but not those of
the kind 2p-3h, unless there are strong contributions from the excited core of
14C. Whereas, through the transfer reactions of two neutrons on the 13C, such
as the reaction 13C(t, p) or the reaction 13C(18O,16O)15C studied in this work,
both configurations become accessible for the final states, which means that the
original core of 14C must have been excited somehow.
The energy spectrum of 15C in fig.(3.8), shows several low lying states up about
7 MeV excitation energy and unknown resonant structures at higher excitation
energy: the strong excitation of the latter could indicate the presence of collective
modes of excitation connected to the transfer of a correlated neutron pair. To
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fully understand the structure of this important nucleus it is above all important
to understand the reaction mechanism that sees the 15C nucleus involved.
3.2 The Stripping Reaction 14C(d, p)15C
The stripping reaction 14C(d, p)15C was studied for the first time in 1959 by
Moore and McGruer [31] in the angular range of 2◦ − 9◦, populating the ground
state and the excited ones at energies Ex= 0.75, 3.09, 4.21, 5.94, 6.38, 7.32 MeV.
In 1973 Goss et al. [29] studied the reaction at incident energies of 12,13,14 MeV
and for angles θlab = 60
◦, 90◦, 120◦, using a magnetic spectrometer that gave a
good resolution (∼ 14 keV) in the measurement of energetic spectra of emitted
protons. In fig.(3.2) is shown a proton spectrum measured at 14 MeV incident
energy and θlab = 60
◦, where the energies of the populated states in 15C are in-
dicated.
Figure 3.2: Proton spectra from the reaction 14C(d, p)15C measured at 14 MeV
incident energy and θlab = 60
◦. The excitation energy of the populated state in
15C is indicated. The levels coming from impurities present in the target through
the residual nucleus and the relative excitation energy are also indicated.
Nine excited states were found, starting from the ground state up to the 7.35
MeV state.
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Afterwards, the same authors [32] repeated the experiment using a beam of pola-
rized deuterons at energy Einc = 14 MeV and obtained the angular distributions
for ten final states up to 7 MeV. A comparison between such angular distributions
was made using DWBA calculations (Distorted Wave Born Approximation) with
two different sets of parameters for the optical model, managing in this way to
assign spin and parity to the ground and first excited state of 15C together with
the relative spectroscopic factors S = 0.88 and S = 0.69, respectively. The result
is shown in fig.(3.3). The single particle state d5/2 was found at Ex = 6.428 MeV ,
Figure 3.3: Transfer angular distributions to the two bound states of 15C [32].
The lines have been obtained by DWBA calculations with two different sets of
the optical model parameters.
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while there was no evidence of the single particle state d3/2. Furthermore, several
high spin states were found (from 7/2+ to 13/2+) in the region between 6 and
7 MeV of excitation energy. Nevertheless, the authors underlined that these as-
signments might have been incorrect in case those states were mainly populated
by means of direct two-step processes.
Ten years later, the same reaction has been analyzed using again a polarized
beam of deuterons at 16 MeV [33] with the purpose of verifying the existence
of the expected state 1p-2h, Jpi = 3/2+. The proton spectrum, measured in the
angular range of θlab = 15
◦ − 110◦ with steps of 5◦, is shown in fig.(3.4).
Figure 3.4: Proton spectrum at θlab = 50
◦ measured in the reaction 14C(d, p)15C
at 16 MeV incident energy [33]. Only the neutron-unbound portion of the
spectrum is shown. The arrows point at the expected levels that could have
Jpi = 3/2+. The smooth dashed curve shows the phase-space spectrum used to
represent the contribution of deuteron breakup protons.
Two 3/2+ levels were observed (as indicated by the arrows in fig.(3.4)), a wide one
(Γ = 1.74± 0.40 MeV ) and another relatively narrow (Γ ∼ 64 keV ), at energies
Ex = 4.78 MeV and Ex = 5.81 MeV , respectively. The authors identified these
states as 3/2+ levels, 1p-2h and 3p-4h, expected from the shell model.
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3.3 15C assignments and angular distributions
from previous measurements
In ref.[1] Bohlen et al. studied the spectroscopy of 17C and the structure of other
heavy carbon isotopes and among them the structure of the 15C nucleus. For this
study a very different reaction was used: 12C(12C,9C), that is a three-neutron
transfer reaction. From the consistent interpretation of the structure of states for
17C and 16C and from the observation, the authors concluded that these states
should have a particle-hole structure with three neutrons in the (sd) shell. In
the case of 15C the core has two holes in the neutron p-shell corresponding to
the 0+ ground state of 12C. Further support for the assignments of 15C states
has been deduced from the analysis of angular distribution of the 12C(12C,9C)15C
reaction. The authors obtained the partial angular distributions for seven excited
Figure 3.5: Partial angular distributions of states populated in the reaction
12C(12C,9C)15C at 230.7 MeV [1]. The curves correspond to coupled-channel
calculations using the code FRESCO. Excitation energies (in MeV), spins and
parities, plot factors PF used for the plot of the angular distributions on a com-
mon scale and strength factors SF to normalize the calculations to the data are
given for each state.
states, shown in fig.(3.5) together with coupled-channel calculations performed
with the code FRESCO according to the scheme of fig.(3.6). There they used,
except for the first two states at 6.84 MeV and 7.37 MeV, which have a (2p-1h)
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structure and odd parity, the (sd)3 configurations with the main components and
assignments similar to those for the discussed structure of 17C [1].
The authors treated the three-neutron transfer as a two-step process, just as we
do for our two-neutron transfer, with a one-neutron transfer to 13C states in the
first step and a two-neutron transfer to final state of 15C in the second step and
vice versa, with the two-neutron transfer to states of 14C in the first step and
a one-neutron transfer in the second step. In this way they obtained always
two transition amplitudes for each final configuration and then the amplitudes
of both branches were added coherently for the calculations of cross-section;
whereas, in the case of our calculations, are the transfer probabilities that are
added coherently, since there is only one possible intermediate state. This is be-
cause they had two possibilities for the first step while we have only one.
Figure 3.6: Two-step coupling scheme for the target transitions in the
12C(12C,9C)15C reaction used in the coupled-channel calculations. The tran-
sitions through the corresponding intermediate states of 13C and 14C are shown.
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All the structures in ref. [1] have been investigated at 231 MeV incident energy,
and with three-neutron transfer reactions. In this way they populated, for what
regards the 15C nucleus, high-lying levels and excited states up to 19 MeV, while
our work is based on the analysis of a two-neutron reaction at 84 MeV incident
energy, which means a five times lower incident energy per particle.
However, several consistent results can be found: the ground state is a (1/2+) and
the first excited state is a (5/2+) state at 0.740 MeV, with spectroscopic factors
S close to one in both cases. Then there is a very broad resonance at 4.78 MeV
that should be a 1d3/2 single particle state: this resonance has been observed only
in 14C(d, p) reaction [33] and not in 14C(12C,9C) reaction analyzed in [1].
The next higher-lying represents a 15C excited state at 7.37 MeV, well separated
from the strong state at 6.84 MeV. Both states are the members of the 7/2−,
9/2− doublet with a neutron (4+ ⊗ 1/2−) (2p-1h) structure, i.e. the 9/2− has
a stretched configuration: [φ1n(1p1/2) ⊗ φ2n([1d5/2]2, 4+)]9/2−, whereas for the
7/2− state the 1p1/2 neutron is coupled anti-parallel to the 4+ configuration (see
fig.(3.7)).
Figure 3.7: Spectrum of the three-neutron transfer reaction 12C(12C,9C)15C mea-
sured in a previous experiment for the spectroscopy of 16C. The excitation energy
scales are 120 keV/channel and the numbers are the excitation energies in MeV
[34].
The next important state is at 8.45 MeV, for which two options for the as-
signment were deduced from the shell model calculations, namely (3/2+) with
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a dominant configuration [(1d3/2) ⊗ (1d5/2)20+ ]3/2+ , and (7/2+) with a configu-
ration [(2s1/2) ⊗ (1d5/2)24+ ]7/2+ . In the coupled-channel calculations only these
main components were taken into account using the couplings 2s1/2 ⊗ 4+1 and
1d3/2⊗ 0+2 , respectively.
Then the authors manage to resolve four more states which could be interpreted
as members of rotational bands, but in our reaction the incident energy is not
large enough to excite these states and we see only two large bumps.
3.4 MAGNEX: the large acceptance magnetic
spectrometer
MAGNEX, located at LNS-INFN laboratories in Catania, was designed for the
study of nuclear reactions using Radioactive Ion Beams produced in the ISOL
facility called EXCYT. Nevertheless, its utilization has yet significant benefits
in reactions realized with stable beams produced in accelerators as Tandem or
Superconductive Cyclotron, installed at LNS too.
Its large angular (∼50 msr) and energetic acceptance (± 27 %) represent a re-
volutionary concept in magnetic spectroscopy, besides the typical advantages of
a standard spectrometer that are:
• high values of mass (m/∆m∼160) and energetic resolution (E/∆E ∼ 1000);
• efficient selection of the reaction’s products, excellent identification of ions
of interest and a consistent decrease of the background noise;
• possibility of compensation for kinematical spread;
• possibility of measuring very small forward angles.
3.5 13C(18O,16O)15C Experiment
As already said, the experiment we have analyzed has been performed at INFN-
LNS laboratory in Catania. A beam of 18O6+ ions at 84 MeV incident energy,
accelerated by the Tandem Van de Graaff machine, bombarded a self supporting
target of 99% enriched 13C whose thickness was 50 µg/cm2. The 16O isotopes
produced in the collisions were momentum analyzed by the MAGNEX spectro-
meter, working in full acceptance mode (Ω ∼ 50 msr and ∆p/p ∼ ± 10%) and
detected by the Focal Plane Detector (FPD).
The experiment has been done at different angular settings, covering each time
an aperture of about 12◦; supplemental runs with a 12C self-supporting target
were recorded in order to estimate the background in the 16O spectra produced
by possible 12C impurities in the 13C target.
The magnetic fields were set in order to accept oxygen ions with electric charge
between 6+ and 8+ at the maximum kinetic energy: these were identified by
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the simultaneous measurement of their position and angle at the focal plane, the
energy loss in the gas sections of the focal plane detector and the residual energy
on the silicon detector hodoscope. Such technique has been sown to allow a clear
identification of the different detected ions with a mass resolution up to 1/160
[35, 36].
The horizontal and vertical positions and angles of the identified 16O ions, measu-
red at the focal plane, have been used as input for a 10th order ray reconstruction
of the scattering angle and excitation energy, based on the fully algebraic method
implemented in MAGNEX [37]. This allows an effective compensation of the high
order aberrations connected with the large acceptance of the spectrometer. An
overall energy resolution of about 200 keV and angular resolution of about 0.5◦
were obtained, mainly determined by straggling in the target.
Figure 3.8: Inclusive energy spectrum of the reaction 13C(18O,16O)15C at 84
MeV. The energy threshold for the emission of one neutron, two neutrons and
the α-particle are indicated: Sn = 1.218 MeV , S2n = 9.394 MeV and Sα =
12.725 MeV .
In fig.(3.8) is shown the inclusive spectrum in corresponding excitation energy of
15C in the angular range of 7.5◦ < θlab < 17◦: several peaks are identified as due
to transitions to known states of 15C, namely the ground and excited states of
energy 0.74, 3.10, 4.22, 4.66, 6.84 and 7.35 MeV. Deviations between the measu-
red energies and the known ones are within 30 keV (cf. energy levels fig.(3.1)).
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Two broad resonances are observed with energies centered at about 10.5 MeV and
13.5 MeV and FWHM of about 1-2 MeV. These are unknown from the literature
and represent an interesting result of the experiment.
3.6 15C Spectrum Interpretation
The above inclusive spectrum can be therefore divided into three segments bounded
by the one (Sn = 1.218 MeV ) and two (S2n = 9.394 MeV ) neutron emission
thresholds in 15C :
I. between 0 and 1.2 MeV is where the two bound states of 15C lie, the
ground state 2s1/2 at Sn = 1.218 MeV and the first excited state 1d5/2 at
Ex = 0.74 MeV (Sn = 0.478 MeV );
II. between 1.2 and 9.4 MeV is where some narrow resonances can be found:
this second part is interpreted as continuum resonances of the system (14C+n);
III. and finally when Ex > 9.4 MeV , that is above the threshold for the two
neutron emission in the continuum, the system to be considered is also
(13C+2n).
The reaction studied is then interpreted as a two-step mechanism:
18O +13 C −→17 O +14 C −→16 O +15 C . (3.1)
The justification relies in the fact that there is an almost perfect matching con-
dition (consistent with ref.[58]) between the single neutron separation energy of
18O, Sn(
18O) = 8.044 MeV , and the energy needed by the 13C nucleus to get one
neutron, i.e. the single neutron separation energy of 14C: Sn(
14C) = 8.176 MeV .
Thus, in the first step of our reaction the ground state to ground state Q-value
is very small, Qgg = 0.132 MeV , which implies in our eq.(4.1) an almost per-
fect sudden process for the first one neutron transfer, while the other neutron is
transferred to the continuum of 13C.
That means that in the measured angular range it was as if the target was effec-
tively 14C.
The reaction then proceeds as the 17O scattering and one neutron transfer on 14C.
Depending on the energy carried by the neutron, the ground and first bound ex-
cited state of 15C are populated. For still higher neutron energies, the continuum
resonances of 15C are populated up to the 2n threshold energy.
Crossing this threshold, the transfer to the continuum of 14C and the transfer to
the continuum of 13C, originated in the first step, merge together.

Chapter 4
Theoretical Description of the
Reaction
The state of art of the two-neutron transfer formalism is given in ref.[17], where
the theoretical aim was to obtain inclusive angular distributions of ejectiles for
transfer to bound states. On the other hand, for transfer to the continuum, the
best observable to analyze is the energy distribution of the ejectile. For these
processes the theory of multi-nucleon transfer does not exist; therefore, as first
step we have made exploratory calculations using the one-nucleon transfer to the
continuum model.
From a chronological point of view, transfer reactions between bound states were
the first to be studied and analyzed; therefore the first formalism developed has
been the one used to describe the transfer of one nucleon between bound states
of two interacting nuclei [37, 38, 39, 40, 41, 42]. Then, the situation in which
the final state of the transferred nucleon is in the continuum would be a natural
extension [43],[44] of the formalism previously developed.
4.1 Transfer to Bound States
To obtain the neutron transition amplitude in a transfer reaction to bound states
is necessary a quantum-mechanical treatment. The adopted method uses a
DWBA expression for the transition matrix, then the distorted waves are de-
composed in partial waves whose radial functions are approximated by the WKB
approach [45]. In the end it all reduces to a much simpler time dependent tran-
sition amplitude which contains the form factor for the transition:
Afi =
1
i~
∫ ∞
−∞
dt 〈φf (r, t)|VnT (r)|φi(r−R(t), t)〉 , (4.1)
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where
φα(r, t) = ψα(r)e
iαt/~ .
Equation (4.1) is valid for a transition from a nucleon bound state φi to a final
state φf which can be either a bound state or a continuum one.
In this work we are interested in both processes, since the ejectile’s spectrum,
which is also the spectrum of the excited 15C, shows two bound states and then
all the continuum states up to 20 MeV.
Since we work in the target reference frame, the initial wave function is considered
to be moving past on a constant velocity path with velocity v in the z-direction
with an impact parameter b in the x-direction in the plane y = 0 (fig.(4.1)).
These assumptions make our semi-classical model valid at beam energies well
above the Coulomb barrier: these are indeed the conditions under which the ex-
periment under analysis was performed.
The final aim of the introduced formalism is the derivation of a cross section
formula and it can start from the expression given for the transfer amplitude in
ref.[38], that is obtained from eq.(4.1) by simply applying a galilean transforma-
tion to the initial wave function which is thus calculated in a moving reference
frame. The model assumes that the two nuclei pass each other on classical or-
bits and the transfer amplitude is written in terms of a surface integral over the
surface Σ between the two interacting nuclei. Therefore, the projectile-target
relative motion is treated semi-classically by using a trajectory of the center of
the projectile relative to the center of the target: R(t) = b + vt with constant
velocity v in the z direction and impact parameter b in the xy plane. The surface
Σ is parallel to the zy plane and d1 and d2 are defined in terms of the distance
of closest approach between the centers of the two nuclei: d = d1 + d2.
The system of coordinates used in the calculations for one neutron transfer either
to bound or unbound states, is shown in fig.(4.1), where the vector R(t) points
at the center of mass of the system core plus neutron.
In calculations where the transition is due to the nuclear potential, the center of
mass of this system can be approximated with the center of the core, whereas the
difference should be taken into account when recoil effects are important (i.e. in
case of Coulomb breakup).
Finally, one obtains the following expression for the transfer amplitude as the
overlap between the neutron moment distributions in the initial and final state
when the projectile core is at distance b from the target:
A21 =
i~
2pimv
∫ ∞
−∞
dky
(
η2 + k2y
)1/2
ψ
∗
2(d2, ky, k2)ψ1(d1, ky, k1) . (4.2)
ψα(dα, ky, kα) is the double Fourier transform of the coordinate space wave func-
tion ψ1,2 of the initial and final nucleon bound-state wave function
ψ(x, ky, kz) =
∫ ∫
dy dz e−i(yky+zkz)ψ(x, y, z). (4.3)
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Eq.(4.2) shows the dependence of the transfer amplitude on the momentum dis-
tribution in the initial and final nuclear states. All the labels 1 stand for the
description of the initial bound state and similarly the labels 2 stand for the final
bound state.
Figure 4.1: Coordinate system used in the calculations.
k1 =
(
f − i − 12mv2
)
/~v and k2 =
(
f − i + 12mv2
)
/~v in eq.(4.2) are the z
components of the neutron momentum in the initial and final state respectively,
while
η2 = k21 + γ
2
1 = k
2
2 + γ
2
2 (4.4)
with γ2α = −(2mα)/~2.
These restrictions on the z components of the momentum of the nucleon in the
initial and final nuclei are a consequence of energy and momentum balance along
the direction of relative motion as explained in ref.[38].
For cases where the initial and final single neutron states ψ1 and ψ2 are bound
states, the wave functions on the surface Σ might be approximated by their
asymptotic forms:
ψ(r) ' −Cilγh(1)l (iγr)Ylm(θ, φ) , (4.5)
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where h
(1)
l are the Hankel functions of complex arguments defined in ref.[46]. The
double Fourier transform of eq.(4.5) calculated according to eq.(4.3) is
ψ(x, ky, kz) = −C 2pi
γx
e−γx|x|Ylm(kˆ), (4.6)
where
k = (iγx, ky, kz), kˆ = k/|k| (4.7)
|k| = (k2y + k2z − γ2x)1/2 = iγ
γ2x = k
2
y + k
2
z + γ
2 (4.8)
and γ is related to the bound state energy. In eq.(4.5) C is the asymptotic
normalization constant of the state taken in consideration, defined in Appendix
B.
When the Fourier transform is substituted into (4.2) the integral can be evaluated
to give a much more simpler expression for the transfer amplitude as a function
of the spherical harmonics and the modified Bessel function Km1−m2(ηd).
Then, squaring this result, one obtains the probability for the transfer between
bound states:
P (l2, l1) =
pi
2
[
~
mv
]2
|C1C2|2(2l2 + 1)Pl1
(
1 + 2
k21
γ21
)
Pl2
(
1 + 2
k22
γ22
)
e−2ηb
ηb
. (4.9)
Pl1 and Pl2 are the Legendre Polynomials.
In the end the cross section is given by an integration over the core-target impact
parameter.
4.2 One Nucleon Transfer to the Continuum
Nuclear reactions at incident energies well above the Coulomb barrier can lead
to highly excited residual nuclei and in the case of a transfer reaction the trans-
ferred nucleon can have a continuous energy spectrum. Many approaches to the
problem of calculating the cross section are based on extensions of the DWBA
theory, used in the previous section, to the case of an unbound final state.
The transfer to the continuum theory, developed in [43], is well adapted to de-
scribe the breakup, indeed it can deal with any initial binding energy and angular
momentum state and it is valid in the intermediate energy domain (Einc = 10 -
100 AMeV ) since it treats the relative nucleus-nucleus scattering semi-classically
and can be extrapolated at lower energies too.
In this section we are considering the transfer between two interacting nuclei
of one neutron to final unbound states.
In case of a single-particle unbound state ψf with angular momentum (lf ,mf )
and energy f > 0 the equation (4.5) for the asymptotic form of the final wave
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function is replaced by the scattering wave function with appropriate boundary
conditions
ψf (r) ' Cfkf i
2
[
h
(+)
lf
(kfr)− e−2iδlf h(−)lf (kfr)
]
Ylfmf (θ, φ) , (4.10)
where h
(±)
l are Hankel functions of real argument [46] and k
2
f = (2mf )/~2.
When r is very large the radial part of eq.(4.10) can also be written as
Rlf =
2N
r
sin(kr − lf pi
2
+ δlf ), (4.11)
where δlf is the lf -wave phase shift. Under these conditions there is a corres-
pondence between the normalization constant Cf and N ; choosing the constant
N so that the wave function Rlf is normalized in a large box of radius L >> R,
we can obtain the relations
N2 =
1
2L
, |Cf |2 = 2
L
. (4.12)
The next step is to calculate the Fourier transform of the function (4.10). Con-
sidering the generalized derivation for lf 6= 0, the result is
ψf (x, ky, kz) = −Cfeiδlf 2pi sin δlf
e−γx|x|
γx
Ylfmf (kˆf ), (4.13)
where now
γx = lim
λ→0
(
k2y + k
2
z + γ
2
)1/2
= lim
λ→0
(
k2y + k
2
z − k2f + λ2 ∓ 2ikfλ
)1/2
= (k2y + k
2
z − k2f ). (4.14)
λ is a parameter introduced to assure the convergence of the integral used to
calculate the double Fourier transforms for the radial part of the wave functions.
From this point onwards the calculation of the transfer amplitude to a continuum
state is the same as for the transfer to a final bound state, which leads to the
same formal result except for some replacements. The first is the expression for
the final state normalization constant, which is modified by the presence of the
phase shift; another is the expression for η (4.4) which is replaced by
η2 = k21 + γ
2
1 = k
2
2 − k2f . (4.15)
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Once computed the transfer probability as
P (lf , li) =
1
2li + 1
∑
m1m2
|A(lf , li)|2 , (4.16)
one can obtain the transfer probability of going to a final state with energy f in
a range df by introducing the density of final states
ρ(f )df =
dn
df
df =
L
pi
dkf
df
df =
L
pi
m
~2kf
df , (4.17)
where it was used the quantization condition: kfL = npi, that is consistent with
the normalization of the final wave function in a box length L. Then obtaining
the spectral probability density:
dP
df
(lf , li) =
[
~
mv
]2
m
~2kf
| sin δlf |2|C1|2(2lf + 1)Pli(Xi)Plf (Xf )
e−2ηb
ηb
(4.18)
Equation (4.18) resembles eq.(4.9) obtained for bound states; in particular, the
form factor is the same, e
−2ηb
ηb
, whereas the differences rely in the argument of the
final state Legendre Polynomial and the square of the final asymptotic normali-
zation constant, replaced by the quantity m~2kf | sin δlf |2 which leads to the correct
dimension after the energy integration.
Instead of substituting explicitly in the expression of the wave function (4.10)
S∗lf = e
−2iδlf one can leave the general expression of the S-matrix and obtain the
neutron breakup probability distribution in the target reference frame:
dP
df
=
∑
lf
(
|1− < Slf > |2 + 1− | < Slf > |2
)
B(lf , li) (4.19)
where
B(lf , li) =
1
4
( ~
mv
)2 m
~2kf
(2lf + 1) |Ci|2 e
−2ηb
ηb
M(lf , li) , (4.20)
M(lf , li) =
1√
pi
∫ ∞
0
dx e−x
2
Pli(Xi +Bix
2)Plf (Xf +Bfx
2) . (4.21)
< Slf > is the energy averaged (due to the continuum conditions) and spin de-
pendent optical model S-matrix which describes the neutron-target interaction.
The calculation of the S-matrix, strongly related to the choice of VnT , is a delicate
point of this formalism. In the transfer to the continuum formalism, the matrix is
calculated for each different neutron final energy, obtaining in this way an energy
dependent S-matrix which is best given by an energy dependent optical potential.
The first term in (4.19), proportional to |1− < Slf > |2, gives the neutron elastic
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breakup or diffraction, while the second term proportional to 1 − | < Slf > |2
gives the neutron absorption (or stripping) by the target.
Therefore, the former term corresponds to the probability that the nucleon un-
dergoes an elastic breakup in which the target is left in its ground state and the
latter represents the probability of its absorption by the target; this absorption
can be due to compound nucleus formation or to inelastic breakup in which the
target is left in an excited state.
B(lf , li) is an elementary transfer probability that depends on the energies i and
f , on the momenta γi and kf and on the angular momenta li and lf of the ini-
tial and final single particle states. It also depends on the incident energy per
particle, mv2/2, at the impact parameter, b.
Pli and Plf are the Legendre polynomials whose arguments are now quite diffe-
rent: Xi = 1 + 2 (k1/γi)
2, Xf = 2 (k2/kf )
2 − 1, Bi = 2η/dγi and Bf = 2η/dkf .
Equations (4.18) and (4.9) were again obtained by using the asymptotic form of
the Bessel function Kmi−mf (ηb) ≈
(
pi
2ηb
)1/2
e−ηb which is valid when ηb is large
and mi −mf is not too large. However, in the case of transfer to the continuum
the angular momentum of the final state can be quite large, therefore eq.(4.20),
which does not contain such approximation is more accurate than (4.18) and (4.9)
although it preserves their simple structure.
η2, defined as in (4.15), is the magnitude of the transverse component of the
neutron momentum in the initial and final state (k⊥ = i~η). k⊥ is conserved
during the breakup process and it is purely imaginary because the neutron which
in the initial state has negative energy is emitted through a potential barrier [37];
because of this holds also k2 > kf .
If spin is taken into account, the optical potential used in the calculations of the
S-matrix must contain a real spin-orbit term whose strength has to be adjusted
in order to give the correct sequence of states.
Finally the cross section is given by an integration over the core-target impact
parameter:
dσ1n
df
= S
∫ ∞
0
bdb
dP (b)
df
Pel(b) (4.22)
and the total breakup cross section is obtained by integrating over the final energy
f . S is the spectroscopic factor of the neutron single particle wave function in
the initial state. The factor Pel(b) = |ScT |2 is the core survival probability in the
elastic channel written in terms of the S-matrix for the core-target scattering.
Since the conditions for the semiclassical approximation to the relative ion-ion
scattering apply to the reaction discussed in this work, the following parametri-
zation, discussed in [38], has been used:
Pel(b) = exp (− ln 2 exp[(Rs − b)/∆]) . (4.23)
It is necessary to point out that for the reaction analyzed in this work we have
substituted the impact parameter with the distance of closest approach d, be-
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cause we are dealing with light nuclei at low incident energy and the difference
between these two quantities could be significant (see Appendix A).
Eq.(4.23) is always a good approximation for the core-target elastic scattering
probability: the usual procedure is to define the optical potential for the core-
target scattering and calculate the S-matrix from it. In practice the behavior
of the S-matrix is determined by two parameters: the first and most important
is the strong absorption radius, and the latter is the thickness ∆ of the absorp-
tion region. In calculations made using the optical model, it is closely related
to the asymptotic behavior of the imaginary potential: W (r) ∼ exp−(r/∆). The
strong absorption radius Rs is defined through Rs = rs(A
1/3
P + A
1/3
T ) fm, where
rs = 1.4 fm, and ∆ is diffuseness parameter (∆ = 0.6 fm). Equation (4.22) gives
the final neutron parallel momentum distribution which is related by momentum
conservation to the measured ejectile momentum distribution [47].
This model takes into account the fact that breakup reactions are sensitive only
to the outermost tails of the single particle initial state wave functions which are
taken as Hankel functions.There is a strong sensitivity of the breakup cross section
on the strong absorption radius value Rs (the distance of closest approach for a
trajectory that is 50% absorbed from the elastic channel) and on the energy itself.
4.3 Potentials Used in the Calculations
The development of our calculations implies the knowledge of both initial and final
single-particle states of the transferred nucleon. For this reason it is important
to distinguish between bound and unbound states, since the potential used to
describe the former or the latter type of state are rather different.
4.3.1 Potentials for bound states
All the considered initial states are single-particle bound states. The expression
for the potential used in the calculations for the bound states is given below and
consists in a Woods-Saxon plus the spin-orbit term:
V (r) = −V0f(r, r0, a0) + 2VSOσ · l
r
df
dr
(r, rSO, aSO) ,
f(r, rx, ax) =
1
[1 + e(r−rxA1/3)/ax ]
. (4.24)
The procedure adopted to obtain parameters for the different nuclei under exam
consists in fitting phenomenologically the depth of the potential (having fixed its
geometry) considering the experimental values of reference, such as the energies,
angular momenta and parity of the states. In this way we find the necessary
potential’s parameters to obtain the wave functions and the asymptotic norma-
lization constants of each initial (or final) nuclear state taken into account (see
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Appendix B). The values reported in the following tables, i.e. the set of paramet-
ers used to fit the separation energies and obtain the normalization’s constants
of single particle states, have been obtained through this technique.
In the following tables r0 and rSO are to be inserted in the formula: Rx = rxA
1/3;
since the potential used is the one representing the system of one nucleon plus
the core: for the nucleus of 15C it has been considered a core of 14C, while a core
of 13C has been considered for 14C and so on.
The neutron states inside the oxygens, in this case 17O and 18O, present a struc-
tural peculiarity. The nucleus of 18O shows an energy degeneracy of the shells
(2s1/2) and (1d5/2) if considering the ground state, whereas the
17O has a ground
state at the experimentally confirmed neutron separation energy  = −4.143MeV
consisting in a 1d5/2 - orbital, but there is a close excited state at  = −3.201 MeV
consisting in a 2s1/2 which could be occasionally occupied by the valence neutron.
In tab.(4.1) and (4.2) are reported the potential parameters for both cases.
 V0 R0 a0 VSO RSO aSO
(MeV ) (MeV ) (fm) (fm) (MeV ) (fm) (fm)
g.s.(2s1/2) −3.201 63.2 2.85 0.561 5.5 2.96 0.5
g.s.(1d5/2) −4.143 62.7 2.85 0.561 5.5 2.96 0.5
Table 4.1: Parameters for 17O.
 V0 R0 a0 VSO RSO aSO
(MeV ) (MeV ) (fm) (fm) (MeV ) (fm) (fm)
g.s.(2s1/2) −8.044 72.9 2.91 0.561 5.5 2.96 0.5
g.s.(1d5/2) −8.044 68.1 2.91 0.561 5.5 2.96 0.5
Table 4.2: Parameters for 18O.
The decisive calculations [48] to prove this degeneracy have been made using
the typical potential described in (4.24), using the parameters given by Bohr and
Mottelson (ref.[15], vol. I pag. 238), with the aim of reproducing the experimental
energies.
For what regards the 18O, we have found that assuming a composition for the
ground state of a mixture of one half s and one half d orbitals, leads to a much
more enhanced cross section that is not in accord with the experimental data. The
enhancement is caused by the component l = 0 that gives a very high contribution
to the calculated total cross section for the reaction studied. Therefore, the
chosen ground state for the 18O nucleus is the experimentally confirmed d5/2 at
 = −8.044 MeV .
Considering instead the 17O, our calculations done for the transfer to bound states
of 15C, have shown the perfect consistency with the long time accepted 1d5/2 -
state as the unmixed ground state (cf. bound state transitions in tab.(4.3)) since
the experimental ratio between the cross sections is Rexp = 5.74.
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17O 15C σ (mb) Rth =
σd5/2
σs1/2
g.s.(2s1/2) g.s.(2s1/2) 27.16
(1d5/2) 62.01
2.28
g.s.(1d5/2) g.s.(2s1/2) 1.354
(1d5/2) 7.986
5.89
Table 4.3: Cross section values for bound states transition.
The other bound states taken into account are the first two of 15C nucleus: the
ground state is the well-known 2s1/2 - orbital at  = −1.218 MeV , while the
second bound state corresponding to the first excited state is a 1d5/2 - orbital
at x = 0.740 MeV . Furthermore, we considered also the transfer to the bound
ground state of 14C, whose parameters are reported in tab.(4.5).
 V0 R0 a0 VSO RSO aSO
(MeV ) (MeV ) (fm) (fm) (MeV ) (fm) (fm)
g.s.(2s1/2) −1.218 60.7 2.73 0.561 5.5 2.77 0.5
(1d5/2) −0.478 59.2 2.73 0.561 5.5 2.77 0.5
Table 4.4: Parameters for 15C.
 V0 R0 a0 VSO RSO aSO
(MeV ) (MeV ) (fm) (fm) (MeV ) (fm) (fm)
g.s.(1p1/2) −8.176 56.2 2.66 0.561 5.5 2.70 0.5
Table 4.5: Parameters for 14C.
 V0 R0 a0 VSO RSO aSO
(MeV ) (MeV ) (fm) (fm) (MeV ) (fm) (fm)
g.s.(1p1/2) −4.946 52.6 2.59 0.561 5.5 2.63 0.5
Table 4.6: Parameters for 13C.
The same potential described by the eq.(4.24) was used to to fit the expe-
rimental binding energies and get the corresponding wave functions from which
the asymptotic normalization constants were obtained.
It is interesting to notice that our asymptotic normalization constants in table
(4.7) are consistent with those used by Bertulani and collaborators [28] in their re-
cent calculations of reactions rates for astrophysical reactions involving the same
oxygen and carbon nuclei we are studying here.
4.3 Potentials Used in the Calculations 41
13C 14C 15C 15C 17O 17O 18O 18O
1p1/2 1p1/2 2s1/2 1d5/2 1d5/2 2s1/2 1d5/2 2s1/2
 (MeV ) : −4.946 −8.176 −1.218 −0.478 −4.143 −3.201 −8.044 −8.044
Ci (fm)
−1/2 : 1.4 2.31 1.34 0.05 0.69 2.56 1.73 6.02
Table 4.7: Normalization’s constants used in the calculations.
4.3.2 Potential for continuum states
The Optical Potential
The optical potential is the basic ingredient for the description of the elastic
scattering, but it is also important in breakup calculations, when it is necessary
to take into account the core quasielastic scattering by the target (cf. eq.(4.23)).
Also the re-scattering of the neutron from the projectile on the target is described
by the optical potential formalism, with a Woods-Saxon real volume and spin-
orbit term as in eq.(4.24) plus a surface derivative imaginary term:
Uopt(r) = V (r) + iW (r) where
(4.25)
W (r) = 4aiWS
df
dr
(r, ri, ai) and f(r, rx, ax) =
1
[1 + e(r−rxA1/3)/ax ]
The search for an appropriate energy dependence for optical potential of light
nuclei has always been very difficult due to the fact that the neutron scattering
on these nuclei gives rise to very narrow resonances states for energies below
about 20 MeV. As it can be seen from the figure (4.2), the spectrum of the total
cross section obtained in the case of a beam of neutrons hitting the carbon target,
has a really complex trend in the low energy region, i.e. for energies below 20
MeV, which corresponds exactly to the situation we are examining in fig.(3.8).
Figure 4.2: σT for carbon nucleus obtained in [49].
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On the other hand, the figure (4.3) shows the complex behavior of the total cross
section for light nuclei at low energies and the carbon nucleus is not an exception.
Figure 4.3: 3d plot in which is shown the total cross section as a function of
the energy for each nucleus analyzed in the experiment [50]. In particular, the
complexity of carbon nucleus at low energies is shown.
In the same figure is shown the systematic behavior of the peaks and valleys as a
function of E and A: one feature is the disappearance of sharp compound nuclear
resonances with increasing E and A.
An useful example of old studies to extract the optical potential takes into ac-
count the system n −28 Si for the energy range 0.3 - 80 MeV. Once obtained a
global data set, the calculations of the total cross sections from these parameters
were compared with the averaged experimental total cross sections for energies
up to 80 MeV. It was discovered that the DOM (Dispersive Optical Model [51])
calculations gave a very good agreement with the experimental values over the
broad energy range 8 - 80 MeV. However, in the low energy range 1 - 8 MeV
the model overestimates the total cross section, considering also the presence of
many resonant structures as shown by fig.(4.4) [52].
This difficulty might arise from the fact that the total cross section at low ener-
gies for light nuclei is dominated by very few partial waves, and it is by now
understood from ab initio calculations that the potential should probably be l-
dependent and possibly with an energy dependent geometry.
Our calculations have indeed confirmed these hypothesis as will be shown in the
followings.
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Figure 4.4: Total cross section of n−28 Si in the energy range between 0 and 12
MeV. The dashed curve is the theoretical prediction for the cross section. See
text.
To determine the values of the phase shifts and S-matrices for the nuclei in-
volved in the reaction under exam, it was used a parametrization taken from
[56], in which several measurements of neutron elastic scattering cross sections
for 1p-shell nuclei in the energy range between 7 and 15 MeV were analyzed. In
this way, sets of energy dependent parameters were obtained for single nuclei and
a good description of the scattering distributions was provided. It was also found
a global parameter set containing an A-dependent real radius parameter, but in
our case the best parametrization, which is yet the most appropriate, is the one
established for the nucleus of 13C:
V0 r0 a0 ri ai VSO rSO aSO
(MeV ) (fm) (fm) (fm) (fm) (MeV ) (fm) (fm)
13C 61.23− 0.765E 1.131 0.561 1.368 0.3 5.5 1.15 0.5
Table 4.8: Spherical optical model parameters for neutron scattering from the
13C nucleus.
However, the parametrization of tab.(4.8) was obtained in a very limited range
of neutron scattering energies, that is between 7 and 15 MeV . The Dave and
Gould’s parametrization should have been extrapolated at zero energy, but we
noticed that this was a far too strong extrapolation and therefore we decided to
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use a constant value of the potential.
The value for the depth of the real well was taken considering tab.(4.8) with
E = 10 MeV , that is an average value for the energy range of the spectra stu-
died, and gives V0 = 53.6 MeV .
In this description, that uses the optical model formalism, also the imaginary part
of the potential has an energy dependent value: WS = 16.4 + 0.136E. Neverthe-
less, according to what previously explained, the dependance has been changed
and kept at the constant value of WS = 17.76 MeV . The importance of using
a complex potential relies in the fact that when the transferred nucleon loses
energy due to the interaction with the target by exciting it, it is the existence of
an imaginary part in the potential that ensures that these channels are properly
taken into account [54].
Figure 4.5: Inclusive energy spectrum of the reaction and theoretical calculation
considering an energy dependent parametrization for the potential.
Results obtained using the two different approaches for the parametrization
of the optical potential are plotted together with the experimental data in figures
(4.5) and (4.6).
Since we cannot describe properly the absorption in the narrow resonance, the
first part of the continuum spectrum contains the calculation of the three-body
physical background due to the elastic breakup only, as given by the first term
4.3 Potentials Used in the Calculations 45
of eq.(4.19). Above the two neutron threshold we considered instead both elastic
and absorption terms in eq.(4.19) because the resonance effects are quite smooth.
As it can be seen by the comparison between fig.(4.5) and (4.6) the constant
parametrization fits better the energy region where both neutrons are in the
continuum whereas the energy dependent potential gives a better description of
the elastic background of the narrow resonances region.
The detailed description of our calculation is given in the next chapter.
Figure 4.6: Inclusive energy spectrum of the reaction and theoretical calculation
considering a constant parametrization for the potential.

Chapter 5
Data Analysis
5.1 14C Spectrum Interpretation
Before discussing the details of 15C spectrum we give a short account of one
neutron transfer to the continuum results. This one-neutron transfer spectrum is
useful to test the reliability of the applied theoretical model.
Fig.(5.1) shows the excitation energy spectrum of 14C in the angular range 7.5◦ <
θlab < 17
◦ plotted together with the theoretical calculation. Notice that the
minimum value of the excitation energy axis is given by the 13C + n threshold,
therefore only unbound states of 14C are accessible.
The calculation was made fixing the energy dependence of the potential, both
the real and imaginary part, to constant values, as explained at the end of the
previous chapter.
Therefore we fixed V0 = 52.6 MeV and WS = 3 MeV in order to obtain a curve
that represents the global contribution of the two narrow resonances that are
located just after the energy threshold for the emission of one neutron in the
continuum (Sn = 8.176 MeV ).
All the other resonant states that can be seen in fig.(5.1) are above the α and
two-neutron emission thresholds (Sα = 12.011 MeV and S2n = 13.122 MeV )
and cannot be described by the one-neutron transfer process: this means that the
source of this excitation energy might be a more complicated reaction mechanism.
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Figure 5.1: Excitation energy spectrum of 14C in the angular range 7◦ < θlab < 17◦
together with the theoretical calculation. The two-neutron separation energy and
the energy threshold for the emission of the α- particle are indicated.
5.1.1 14C Partial Wave Decomposition
As for the case of 15C shown in the following section, it is possible for the nucleus
of 14C to obtain a partial wave decomposition at different continuum energy to
see which l-contribution is stronger in cross section’s calculations according to
eq.(4.19).
Only the strongest contributions are shown and as it can be seen from fig.(5.2),
the d5/2-state overwhelms the contributions coming from different l-states. This
is in agreement with the spectrum given in fig (5.3) which shows the evolution of
the single particle states in Carbon isotopes when the neutron number increases.
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Figure 5.2: Partial wave decomposition for the 14C spectrum. The contribution
from d5/2 is much more important than the contribution from the other l-state.
Indeed, in the plot minor contributions are neglected.
5.2 15C bound states
We turn now to the description of the spectrum of 15C as given in fig.(5.4) starting
from the bound state region.
As far as this part of the spectrum is concerned, the formalism of the transfer to
bound states was applied to verify the consistency of our interpretation.
The cross sections for the transfer to the ground state and the first excited state
were calculated, using the following parameters:
 (MeV ) Ci (fm)
−1/2 l j σ (mb)
17O −4.143 0.69 2 5/2
15C g.s. −1.218 1.34 0 1/2 1.354
15C (Ex = 0.74 MeV ) −0.478 0.05 2 5/2 7.986
Table 5.1: Parameters used in the calculations of the transfer to the bound states
of 15C.
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Figure 5.3: Plot of energy levels of 14C, which can be related to the single-particle
structure in 13C. The excitation energies are shown relative to the energy of the
12C+xn threshold [55].
where Ci (i=1,2) is the asymptotic normalization constant for the initial and final
states, l and j define the states of the initial and final nucleus.
If we look at the ratio between the cross section of the two bound states, it is
pretty consistent with respect to the experimental given ratio:
Rth =
σd5/2
σs1/2
= 5.89 while Rexp = 5.74 . (5.1)
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The discrepancy with the experimental absolute bound state cross sections might
originate from the poorly known initial and final state spectroscopic factors that
we have set to one in our theoretical calculations. On the other hand, we notice
that for the continuum part of the spectrum, our results agree with the data
without need for any renormalization (cf. fig.(5.4)).
5.3 The narrow resonances region
All the narrow resonances lie between the one-neutron and the two-neutron emis-
sion threshold in the continuum, as indicated explicitly in fig.(3.8). These are
resonances of the system consisting of one neutron in unbound states of 15C and
their location on the excitation energy axis is consistent with all the description
that can be found in the literature, as reported in the third chapter.
Figure 5.4: Inclusive energy spectrum of 15C and the theoretical calculation consi-
dering an energy dependent parametrization for the potential as described in the
third chapter. The green curve is the total cross section contribution (the elastic
plus the absorption term) given by the one-neutron transfer to the unbound states
of 15C (14C+n).
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The knowledge of a correct energy dependence of the optical potential is necessary
to give a precise description of such resonances. However, as we have discussed in
sec. 4.3.2 for light nuclei and the low energy part of their spectrum this is still un
unsolved problem. This is the limit of our approach but, on the other hand for the
system n−14C we give an overall estimate of the total cross section contribution
by the green curve in fig.(5.4). From the partial wave decomposition of the first
part of the spectrum in fig.(5.5), it can be seen that the two bumps of the green
curve are given by the strongest contributions of the d5/2-state and the d3/2-state
located in different energy regions. In fig.(5.5) the calculations for this part of the
spectrum between the one-neutron and the two-neutron emission threshold in the
continuum, represent the partial wave decomposition for the total cross section
contributions of the system n −14 C. The widths of the strongest l-states are
quite large and cannot be the explanation of the narrow resonances in fig.(5.4).
Figure 5.5: Partial wave decomposition for the narrow resonances region relative
to the total excitation energy spectrum of the 15C nucleus shown in fig.(3.8).
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5.4 The bumps region
5.4.1 Partial Wave Decomposition
The formula (4.19) contains an incoherent sum over final angular momenta and
therefore it allows for an estimate of the contribution of each single l value to the
total sum. This can help understanding the origin of the resonance strength in
the spectrum.
Figure 5.6: Partial wave decomposition relative to the total excitation energy
spectrum of the 15C nucleus shown in fig.(3.8).
We analyzed the partial wave decomposition at different continuum energies (re-
sults are given in fig.(5.6)) and in the region where the contribution from both
neutrons is expected, we can see the combination of the peak of the first neut-
ron’s energy distribution plus the distribution of the second emitted neutron in
the continuum.
As it can be seen in fig.(5.6), once again the strongest contributions to the total
cross section derive from the d5/2 and the d3/2 states, a result that is consistent
to what found in the literature, as described in the third chapter.
The theoretical curve shows a sudden jump at the two-neutron threshold. This
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is due to the fact that we have added only the elastic breakup term of eq.(4.19)
below the threshold, while above threshold we have both the elastic and stripping
terms.
In this energy region it is also possible that some interference effects occur between
the two neutrons, which are not taken into account by our extreme two-step
model. Finally, it seems that the first bump can be understood as due to the
peak of the first neutron breakup and the tail of the second neutron. This com-
bination gives also a good account of the second bump background.
The second bump itself could be due to other channels of the studied reaction,
not considered here.
Figure 5.7: Energy levels diagram for 14C [59].
Conclusions
In this work we have analyzed the mechanism of the reaction 13C(18O,16O)15C
at 84 MeV incident beam energy, performed with the aim of investigating the
structure of the weakly bound 15C nucleus. Using the missing mass technique,
the 16O ejectiles were measured by the MAGNEX spectrometer at the LNS in
Catania and the obtained spectra represent the excitation energy spectra of 15C.
Such spectra show the effect of the transfer between bound states and continuum
states up to 20 MeV; therefore, through the theoretical analysis, we needed to
describe both situations.
Even though the energy resolution of the spectrum was limited by straggling ef-
fects, several excited states in the continuum of 15C have been identified; these
states have already been observed in other transfer reactions of two neutrons
[25, 26]. Apart from these known states of 15C, two large bumps have been ob-
served, centered at excitation energies of Ex = 10.5 MeV and Ex = 13.3 MeV
with widths Γ = 2.5 MeV and Γ = 1.7 MeV , respectively. These resonances
show a strength and width consistent with collective excitation modes. However,
the resonance parameter values do not correspond to any known giant resonance
of 15C.
A first hypothesis was that these structures could represent the first evidence of
the so-called Giant Pairing Vibrations described in the second chapter, predicted
by Broglia and Bes [2]. In particular, the authors theorized that such resonances
would be populated by transfer reactions of two correlated nucleons with trans-
ferred angular momentum equal to zero. Furthermore, the resonances should be
located at excitation energies of about 15-20 MeV having widths of 2-3 MeV,
other characteristics that seemed to be consistent to what is observed in the ex-
perimental spectrum of 15C.
Giant pairing resonances have never been observed in any experiment so far per-
formed.
During the same experiment, also one neutron transfer data were collected which
helped us to test the reliability of the theoretical model we applied. We con-
sidered the reaction studied as a two-step mechanism in which the neutrons were
sequentially emitted from the projectile and we used a single particle model for
the description of the transfer mechanism and a potential model for the descrip-
tion of the initial and final states. Both bound and unbound final states of the
carbon target were considered.
The justification for the adopted reaction model relies in the fact that it is possible
to distinguish three different energy regions that localize three different situations,
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simply by looking to the final inclusive spectra obtained from the experiment:
1. between 0 and 1.2 MeV: the two bound states of 15C;
2. between 1.2 MeV and 9.4 MeV: narrow resonances of 15C with complex
structure above the one neutron emission threshold.
3. energies greater than 9.4 MeV: the threshold for the emission of the second
neutron in the continuum is reached, this region of the spectrum is where
the two large bumps are located.
The analysis of the one neutron transfer data helped us fixing the details of
the model potential to be used. Comparisons with free neutron-carbon total
cross sections spectra showed the consistency of our method. The consistency
of the formalism introduced to describe bound states was established, thanks to
the really good agreement of the theoretical and the experimental ratio between
cross sections of the first excited state (d5/2) and the ground state (s1/2).
Using our model we have been able to interpret accurately the inclusive experi-
mental spectrum of 15C: the energy region where all the resonances are located
requires a good knowledge of the core excitation and the optical model cannot
reproduce the details of all those complicated excited states. Nevertheless, we
were able to describe the background that lays below the resonances by conside-
ring only the elastic part of second-step reaction: 14C(17O,16O)15C, giving that
one neutron is already bound in the nucleus of 14C.
Furthermore, when the threshold for the emission of second neutrons is reached,
our analysis showed that the first bump is the result of the combination of the
peak of the first neutron’s energy distribution plus the distribution of the second
emitted neutron in the continuum.
In the end, the origin of the second bump is not clearly understood in the frame-
work of our final-state interaction model and could represent a starting point of
future research work.
To conclude, we have obtained a qualitative and quantitative reasonable under-
standing of a two neutron transfer reaction involving mainly final neutron un-
bound states, via semi-classical, two-step transfer model, using standard struc-
ture information and no fitting procedures at all.
From an experimental point of view, the coupling of the neutron detector EDEN
to the MAGNEX spectrometer will open a very wide range of possibilities in the
next future. The MAGNEX-EDEN system is indeed going to be installed in less
than one year time at LNS in Catania. EDEN is a Time-Of-Flight multidetector
capable of studying the decaying neutrons emitted by the observed resonances
with good efficiency and energy resolution.
Appendix A
Scattering Angle and Impact
Parameter
The scattering angle θ is defined as the angle between the incoming and outgoing
velocities of the projectile. θ = 0 corresponds to the situation where no scattering
has happened, whereas the maximum possible value is θ = pi, a head-on collision,
in which the projectile comes in along the target’s axis and bounces straight back.
The impact parameter b is defined as the perpendicular distance from the pro-
jectile’s incoming straight-line path to parallel axis through the target’s center.
b could be also interpreted as the distance that would be the distance of closest
approach if there were no forces on the projectile, so that the orbit was just a
straight line. In other words, the impact parameter tells how closely the projectile
was aimed at the target.
The main theoretical task in classical collision theory is to find the functional
relation θ = θ(b) between these two variables. Recalling the general concepts of
elastic scattering from a repulsive field in ref. [56], the following formulas have
been used in the calculations to deduce the correspondences between the angular
range in the laboratory reference frame and the impact parameters needed in the
cross section integration:
tan (θlab(θcm)) =
sin θcm
cos θcm + AP/AT
, (A.1)
b(θcm) = ac cot
(
θcm
2
)
where
(A.2)
ac =
ZPZT e
2
2Ecm
,
ac is the so-called Coulomb scattering length and relates the kinematical condi-
tions to the scattering geometry. In eq.(A.1) and (A.2) AP and AT are the mass
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numbers of the projectile and the target nucleus, ZP and ZT are their charges and
θcm and θlab are the scattering angle in the center of mass and in the laboratory
reference frame, respectively.
The equation (A.2) that relates the impact parameter to the scattering angle in
the center of mass frame can be obtained through classical mechanics deductions
and its derivation can be easily found in [56].
In particular, ac = η/k, where k = µv/~ with µ the reduced mass of the system,
v is the asymptotic relative velocity of the target and projectile, η is the Som-
merfeld parameter defined as η = ZPZT e
2/~v. In our reaction the Sommerfeld
parameter is large enough (η = 3.5) to justify the utilization of classical scattering
formulas. Diffraction effects are instead expected to be important only if η ≈ 1.
For the reaction studied, the relevant quantity is the distance of closest approach
d, because we are dealing with light nuclei at low incident energy: for these
reasons there could be a significative difference between d and the impact para-
meter b. The relation between these two quantities is the following:
d = ac
(
1 +
√
1 + cot2
(
θcm
2
) )
=⇒ d(θcm) = ac +
√
b2(θcm) + a2c . (A.3)
For the case of the reaction studied: 13C(18O,16O)15C the values of the relevant
quantities described above are:
ZP = 8 ZT = 6 AP = 18 AT = 13 Elab = 84 MeV Ecm = 35 MeV
η = 3.5 ac = 0.98 fm
θ1LAB = 7
◦ ⇒ θ1CM = 16.7◦ ⇒ bmax = 15 fm⇒ dmax = 17.1 fm
θ2LAB = 17
◦ ⇒ θ2CM = 41.2◦ ⇒ bmin = 6.6 fm⇒ dmin = 7.6 fm
Appendix B
Asymptotic Normalization
Constant
The constants C1 and C2 for the transfer amplitude are the asymptotic norma-
lization of the initial and final single-particle wave functions. Outside the range
of the potential of the nucleus, the single particle wave function is (α = 1, 2)
ψα(r) = Cα γα χlα(γαr) Ylαmα(θ, φ) (B.1)
χl(γr) = −ilh(1)l (iγr) ∼
e−γr
γr
(B.2)
where h
(1)
l is a Hankel function of complex argument and the form (B.2) is valid
for very large r.
The normalization constants C1 and C2 can be obtained by solving the radial
Schro¨dinger equation for the bound-state wave function and by matching onto
the Hankel functions using equation (B.2). In the end
Cα =
∣∣∣∣χnum(γαr)χext(γαr)
∣∣∣∣ . (B.3)
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B.1 Spectroscopic Factors
The spectroscopic factors are usually defined in relation to transfer reactions and
are related to the expansion of the wave function for a specific state Ψi(A) of the
initial nucleus with A nucleons in terms of a sum over a complete set of states in
the final nucleus with A-1 nucleons, Ψf (A− 1):
Ψi(A) =
∑
f,j
Cif,jΨf (A− 1)Φj , (B.4)
where Φj is the complete set of single-particle wave functions for the initial nuc-
leus. In this notation, C is the spectroscopic amplitude and is related to the
spectroscopic factor by:
Sif,j =
(
Cif,j
)2
. (B.5)
The single-particle state Φj are normalized to one. As a consequence, the coeffi-
cient C and the spectroscopic factor can assume an unitary maximum value.
In general, the spectroscopic factors as usually defined in nuclear physics, include
the sum over the m values of the single particle state and the maximum value
that can be obtained corresponds to the maximum possible degeneracy for m,
(2j+1), that is the maximum number of protons or neutrons that can occupy a
single particle state j.
Therefore, in a sense, the spectroscopic factors are related to the occupational
number of a state, depending on the spin degeneration and on the occupational
probability as well.
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